The pathophysiology of thyroid dysgenesis (TD) is not elucidated yet in the majority of cases. The unexpected familial clustering of congenital hypothyroidism due to TD suggests a genetically determined disorder. Four genes have been hitherto involved in thyroid development, including migration and growth. Three of these encode transcription factors (the thyroid transcription factors 1 and 2 (TTF1 or NKX2.1 and TTF2 or FOXE1) and PAX8) while the other encodes the thyrotropin hormone receptor (TSHR). Some mutations have been reported in patients affected by thyroid defects, which supports the relevance of these four genes in TD. However, their involvement in the general TD population remains questionable. Therefore, to document their involvement, we performed a linkage analysis followed by mutational analysis in 19 multiplex TD families. The LOD score results failed to prove linkage between any of the four genes and the TD phenotype, whatever the postulated mode of inheritance. Manual extended haplotypes showed allele sharing among affected individuals of at least one of these four genes in the majority of families. Nevertheless, mutational analysis did not identify mutations in these cases, arguing in favor of identity by descent and not identity by state. Furthermore, as a main result of the present study, extended haplotypes confirmed by mutational analysis showed that the four genes were excluded in five out of the 19 investigated families, demonstrating the relevance of other genes. In conclusion, the present study demonstrates genetic heterogeneity in the TD disorder and suggests the involvement of novel genes.
Introduction
Thyroid dysgenesis (TD) is the most frequent cause of congenital hypothyroidism (CH) (85% of cases) 1 and results from abnormalities of thyroid gland development including a spectrum of embryogenetic defects such as ectopic thyroid gland, athyreosis and more seldom, thyroid hypoplasia and hemiagenesis.
The pathogenesis of TD has been as yet elucidated in only a minute fraction of patients and the disorder is usually regarded as sporadic.
1 Possible roles of autoimmune 2 (see suppl web) or unidentified environmental factors 3, 4 has been suggested but not confirmed. 5, 6 A genetic origin has been suggested since some familial aggregation of CH due to TD have been previously occasionally reported 7 -12 (see suppl web), which was confirmed by us in a recent national survey that showed a relatively high proportion of familial cases at 2%. 13, 14 Molecular studies have identified three genes encoding transcription factors expressed in the precursors of the thyroid follicular cells (thyroid-specific transcription factors (TTF1 or TITF1 and TTF2) and Pax 8) that are involved in thyroid gland development. Knockout mouse models confirmed the role of these genes in TD, since mice homozygous for a targeted disruption of Titf1 showed the absence of thyroid tissue, even though the thyroid rudiment is initially formed. 15, 16 Titf2 (À/À) mice displayed either agenesis or ectopy of the thyroid gland. 17 Pax8 (À/À) mice showed severe thyroid hypoplasia with the absence of thyroid follicular cells. 18 In addition to transcription factors, the thyrotropin hormone receptor (TSHR) has been shown to play a role in the growth and differentiation of thyrocytes, as shown by spontaneously occurring mutation in mice that led to severe thyroid hypoplasia. 19 In humans, impairments of the genes homologous to those described above have been occasionally reported in patients affected by TD. Inactivating mutations of the TSHR gene have been observed in a few cases of thyroid hypoplasia. 10,11,20 -22 Heterozygous mutations in PAX8
have been identified in six families with hypoplasia and/ or ectopy. 12,23 -25 Two homozygous mutations in the TTF2
(or FKHl15 or FOXE1) gene have so far been described in siblings affected by thyroid agenesis associated with cleft palate. 26, 27 Furthermore, recently, heterozygous mutations of TTF1 (or NKX2.1) have been identified in patients with a normal or hypoplastic thyroid gland. 28, 29 Taken together, these data support the involvement of these four genes in thyroid development in mice and humans. However, despite extensive searches for mutation in these candidate genes, only a handful of TD cases have been satisfactorily explained on their basis, and their involvement in the general TD population remains questionable. In addition, a recent study showed discordance in monozygotic twins, which could point to other pathogenetic factors. 30 Therefore, based on our previous report of familial occurrence of TD, we aimed in this study to ascertain the contribution of TTF1, TTF2, PAX8 and the gene encoding the TSHR in multiplex TD families, using linkage analysis to test whether this familial disorder maps to one or several of these specific candidate gene loci. In addition, mutational analysis was performed to confirm the data of the linkage analysis.
Subjects and methods
Patients (Figure 1 ) In all, 19 multiplex TD families including at least two members affected by TD were analyzed. They included a total of 41 affected patients and 98 unaffected relatives. Patients were affected by athyreosis (n ¼ 17), ectopy (n ¼ 19) or hemiagenesis (n ¼ 5), with (n ¼ 37) or without CH (n ¼ 4). Families were identified with either only cases of ectopic gland (n ¼ 5), athyreosis (n ¼ 5) or hemiagenesis (n ¼ 1), or a combination of them (n ¼ 8). Clinical data on most of the affected patients have been described previously, since 14 out of the 19 families were identified in our previous French national survey. 13, 14 Furthermore, blood samples were collected from members of five other families that were referred to us either after our first familial study or in the following prospective study of Leger et al.
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The study was approved by the Faculty Ethics Committee and participants (or their parents in the case of children) provided informed consent.
Methods
Genomic DNA was prepared from whole blood mononuclear leukocytes.
Linkage analysis (Figures 2 and 3 ) For genotyping, we used the polymerase chain reaction (PCR)-based hypervariable microsatellite method developed by Weissenbach et al. 32 The PCR products were separated in a denaturing 6% polyacrylamide gel and the dried gel was exposed to an X-ray film for 24 -48 h (PCR conditions will be supplied upon request). Microsatellite markers, chosen on the basis of their informativity, were selected in the surroundings of the putative region of each candidate locus, obtained from public databases from Genethon (Nature 96), Genmap' 98 (http://www.ncbi.nlm.nih.gov/gnemap99/) and cedar genetic soton (ftp://cedar.genetics.soton.ac.uk/). Of note, subsequent genetic studies have mapped more precisely the TTF2 gene (ch9q22) in the vicinity of the D9S180, Pax8 (ch2q12 -14) close to the D2S1985 and TTF1 (ch14q31) between the D9S70 and the D14S75 markers (http:// www.ensembl.org). Only linkage analysis of the TSHR gene (ch14q13) was performed using one intragenic marker TSHR(at). 32 Extended haplotypes were initially established manually to determine whether the transmission of TD disease could be ascribed (one or two common parental haplotypes shared by the affected members) or rejected (no common haplotypes shared by the affected members) to each of the candidate regions. Linkage study was performed by recombinant mapping analysis. Two-point linkage analyses were performed using the LOD score program from the LINKAGE package. 33 According to our previous studies 13, 31 and under the hypothesis of genetic homogeneity, analyses Mutational analysis To support the results of the linkage analysis, mutational analysis in each of the four studied genes was thereafter performed in one indexaffected subject of the families in which at least one haplotype were shared by the affected members and in all the affected cases of the families in which no haplotypes was shared (Figures 2 and 3 ). Mutations of PAX8, NKX2.1 and FOXE1 were searched by the SSCP (single-stranded conformational polymorphism) method followed by direct sequencing in cases of anomalous SSCP migration patterns, as described previously. 27 For the PAX8 and FOXE1, mutational analysis was restricted to the regions encoding the DNA-binding domain of these transcriptions factors,
given that all the previously reported mutations were found only in these regions. 12,23 -29 These coding regions were amplified with primers reported previously. 12, 27 For the NKX2.1 analysis, the entire coding region was amplified with primers flanking the three exons of the gene (PCR conditions and sequences of the primers will be supplied upon request). For the TSHR gene, the 10 exons were amplified and directly sequenced as described previously. 32 
Results

Manual extended haplotype analyses
The combined analysis of genotyping results is summarized in Figure 2 . Manual extended haplotypes of the TTF2 region showed that in 10 of the 19 families (53%), the affected members shared one (n ¼ 7) or two (n ¼ 3) haplotypes, suggesting possible involvement of TTF2 in the TD phenotype. In contrast, in nine families, the affected members have inherited different parental . One common parental haplotype was shared by the affected members in eight of the 10 families in the TSHR region and in nine of the 12 families in the TTF1 region, whereas the same genotype was observed in only two families in the TSHR locus and in three families in the TTF1 locus (data not shown).
In contrast, visual inspection of the genotyping of the PAX8 locus showed the absence of allele sharing among affected members in the majority of the investigated families (74%). The affected members had at least one common parental haplotype in only five families (26%). In the 14 other families, the affected members did not have any common haplotype, allowing exclusion of the role of PAX8 in these families (Figure 2) .
Taken together, one (n ¼ 2) or several loci could be involved in the TD phenotype in 14 out of the 19 investigated families (73%). Interestingly, in contrast, haplotype analysis did not support linkage to any of the four studied genes in five families (Figures 2 and 3) .
Mutational analysis by SSCP, followed by direct sequencing, performed in cases of abnormal migrating bands revealed no mutation in the studied regions of the three candidate gene encoding transcription factors (PAX8, NKX2.1 and FOXE1). In the TSHR gene, one heterozygous mutation in exon 10 (R310H) was found in one family in which the two affected members shared haplotypes. However, the mutation was identified in the member affected by hemiagenesis, but not in her niece affected by ectopic thyroid gland. This mutation was not found in a population of 450 controls (data not shown).
Statistical analysis
Maximum two-point LOD scores for the closely spaced markers on each candidate region are shown in Table 1 in the supplementary web information. Whatever the mode of inheritance hypothesized, combining all TD families gave nonsignificant LOD score values for all loci studied.
Genotype -phenotype correlations in TD families
To test whether the genetic influence was different according to the etiological type of TD, we analyzed the families with ectopy (n ¼ 5), athyreosis (n ¼ 5), hemiagenesis (n ¼ 1) or two different types of TD (mixed families; n ¼ 8) separately. However, subgrouping of families did not change the linkage results. Similarly, the degree of family relationship of the affected relatives did not change the proportion of families with positive or negative linkage (data not shown).
Discussion
Recent previous investigations in humans have identified genetic alterations in TTF1 or NKX2.1, TTF2 or FOXE1 and PAX8 and in the gene encoding the TSH receptor in some patients affected by TD. 10 -12,23,25,26,28,29 Nevertheless, the pathogenesis of TD remains to be elucidated in the majority of cases. Linkage analyses offer a rapid way to test whether these four previously identified candidate genes are major contributors to TD. So far, only one such linkage analysis has been performed in familial CH, testing the association between the TSHR locus and the CH disorder. 10 In the present study, the LOD score results did not yield any evidence of linkage between the TD phenotype and either the TSHR locus or TTF1, TTF2 and PAX8. These nonsignificant LOD score values were observed even after subgrouping of families according to the type of TD. Nevertheless, the nonsignificant result of LOD score analysis must be cautiously interpreted since such analysis involves proposing a monogenic model of inheritance pattern of phenotypes and genotypes. The marked clinical variability both within and between the TD families is suggestive of a complex transmission pattern and the model of genetic homogeneity used in this study remains controversial. However, the number of families studied did not allow us to perform LOD score analysis assuming genetic heterogeneity. Furthermore, environmental factors or/and implication of noninheritable postzygotic event cannot currently be excluded as illustrated by discordance for CH in monozygotic twins. 30 Thus, genetic susceptibility to TD could lack the simple Mendelian pattern of inheritance and linkage analysis may be insufficient to yield positive results. Therefore, extended manual haplotype analysis could provide additional results. In the present study, extended haplotypes showed that members with TD phenotype shared alleles of polymorphic Figure 3 Negative results of linkage analysis for the four candidate loci in one exemplar family. Pedigree structure with extended haplotypes for each of the studied loci are reported in one family in which no haplotypes were shared by the affected members. The genetic mapping of the used markers is indicated for each studied chromosomal region in the inset at the upper corner, with the most centromeric marker at the top and the most telomeric marker at the bottom. Solid symbols indicate subjects affected by athyreosis. Open symbols indicate no thyroid disease.
DNA markers of one or several candidate loci in the majority of family investigated (74%). This can be due either to identity by state (IBS) or identity by descent (IBD). However, as shown in Figure 3 , affected and nonaffected siblings could share the same alleles, which argue in favor of IBD and not IBS. Additionally, such figures were found in other families studies (data not shown). However, IBS cannot be totally excluded as a majority of families with affected siblings shared alleles (10 out of 11 families studied) and as the absence of relevant mutations in the four candidate genes found in affected subjects that shared haplotypes could be in accordance with the low frequency of mutations in these genes, which were to date reported in TD. 17 -19,30,31,33 -40 Therefore, the present data do not exclude the role of these genes in the TD disorder. Combined analysis of the linkage study shows, in most cases, families in whom affected members share haplotypes including two or more candidate genes together, which could suggest a polygenic disorder. In favor of this concept, it is worth noting that the combination of the four factors studied is unique in thyroid cells and that they have different actions during thyroid gland development, 15 -19,35 -39 (see suppl web). Moreover, some studies show interactions between these candidate genes. For example, TTF2 could be a promoter-specific transcriptional repressor of the TTF1 and PAX8 genes. 40 In addition, the double Titf1 and Pax8 heterozygous knockout mice showed abnormalities of thyroid development. 41 However, no mutation that could be linked to TD was found in any of the four candidate genes. Indeed, the only one identified mutation in the TSHR gene was found in one affected subject but not in the related affected member of the same family, which argues against the responsibility of this mutation in the TD phenotype. Based on the hypothesis of a purely genetic mechanism of TD, the novel important data of the present study are that we demonstrate the necessary implication of other genes. Indeed, the manual extended haplotypes, confirmed by mutational analysis, allow us to exclude definitely the four up to now identified candidate genes to date in five out of the 19 families investigated. Of note, mutational analysis was restricted for PAX8 and FOXE1 to the regions encoding the DNA-binding domain of these transcription factors, given that all the previously reported mutations were found only in these regions. 12,23 -29 This important finding could suggest that the NKX2.1 (or TTF1), FOXE1 (or TTF2), PAX8 and the TSHR genes might play a simple role of modulating factors in the overall genetic susceptibility to TD. Several other genes may be involved on the basis of their function and their spatiotemporal expression. The NKX2.5 gene (or CSX gene in humans), the HOXB3 or HOXA3 genes, the divergent homeobox gene HEX, the hepatocyte nuclear factor HNF3 gene, the GATA6 gene or the eyes absent gene (EYA1) could be relevant candidate genes since they are expressed early during embryogenesis of the thyroid gland and since the impairment of their function may be responsible for TD. 42 -48 In addition, some of these genes may interact with the previously described candidate genes. Indeed, HNF3b could compete with TTF2 for the thyroid-specific genes and activate TTF1, Hoxb3 initiates TTF1 expression. 49 ,50 GATA6 has a transcriptional role and activates the TTF1 promoter. 51 HEX is able to abolish the activating effects of both TTF1 and Pax8. 52 However, none of these genes is entirely thyroid specific and their impairments in mice usually lead to extra thyroid malformations, 45, 48, 52 which have not been frequently found in the TD population. 14, 53, 54 Nevertheless, careful studies of the thyroid and extrathyroid phenotype in humans and in mice must be performed to identify further relevant candidate genes. Moreover, performing the cloning of tissue-specific genes 55 and/or a genome screen in a significant number of familial cases of TD could be interesting additional strategies.
In conclusion, this study supports the view that the genetic determinants of familial TD are heterogeneous. All the known relevant genes TTF1 (or NKX2.1), TTF2 (or FOXE1), Pax8 and the gene encoding for the TSHR could be involved in some of the studied families, but the present study allows us to exclude their role in some families. Further careful analyses of the phenotype and genotype of the affected patients and of the apparently unaffected relatives in additional studies must be performed in order to elucidate the molecular mechanisms of TD.
